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Abstract

As one of the principal interfaces between the organism and the environment, the respiratory system is a target for
a wide variety of toxicants and carcinogens. The cellular and architectural complexity of the respiratory system
appears to play a major role in defining the focal nature of the pulmonary response to environmental stressors. This
review will address the biological factors that modulate the response of one of the major target compartments within
the respiratory system, the tracheobronchial airway tree. Individual airway segments respond uniquely to toxic stress
and this response involves not only the target cell population, e.g. epithelium, but also other components of the
airway wall suggesting a trophic interaction within all components of the airway wall in maintaining steady state and
responding to injury. A number of biological factors modulate the nature of the response, including: (1) metabolic
potential at specific sites for activation and detoxification; (2) the nature of the local inflammatory response; (3) age
of the organism at the time of exposure; (4) gender of the exposed organism; (5) history of previous exposure; and
(6) species and strain of the organism exposed. © 2001 Published by Elsevier Science Ireland Ltd. All rights reserved.

1. Introduction distribution throughout the organ or in their re-
sponse to toxicants. This is especially true for

The respiratory system is exposed to a wide target cell populations that occupy the tra-
variety of environmental contaminants. The cellu- cheobronchial airway tree. Increasing evidence
lar and architectural complexity of this system strongly suggests that cell populations within the
establishes a wide range of microenvironments tracheobronchial airways establish distinct mi-
with different cellular composition and response croenvironments that vary markedly in their
to environmental stressors. The variable nature of steady state biological activity and in their poten-
the response is consistent regardless of whether tial for response to environmental stressors. The
the route of exposure is via inhaled air or the composition of the entire airway wall appears to
vascular system. More than 40 cell phenotypes contribute to the steady state function of all of the
found in the lungs are not uniform either in their cell populations within the local environment. In
addition, all the cell populations appear to re-
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is targeted. This discussion will first address the
concept of the organization of an airway wall as a
microenvironment of complex cellular and acellu-
lar composition with strong trophic interactions.
In addition, the current state of our understand-
ing of the biological factors, which modulate the
response of these individual microenvironments as
targets of toxic injury, will be defined.

2. Epithelial-mesenchymal trophic unit as a
paradigm

The concept of the epithelial-mesenchymal
trophic unit was developed as a framework for
defining the cellular and metabolic mechanisms
regulating the response to toxic injury in a com-
plex biological structure such as the tra-
cheobronchial airway tree (Evans et al., 1999;
Holgate, 2000). Each segment, or airway genera-
tion, within the branching pattern is addressed as
a unique biological entity whose properties may
differ from those of neighboring branches. The
portions of the airways between branch points are
treated as separate biological entities from each
other and from the intervening branch points. All
the components of the airway wall, both cellular
and acellular, are assumed to play a role in both
injury and repair responses (Fig. 1). The epithelial
compartment of the airway wall is comprised of
surface epithelium and submucosal glands. The
interstitial compartment includes the basement
membrane zone, fibroblasts, including the attenu-
ated fibroblast sheath beneath the basement mem-
brane, smooth muscle, cartilage and the
vasculature. The nervous compartment includes
the nerve processes which interdigitate between
the smooth muscle, the subepithelial matrix and
the epithelium. This includes both afferent and
efferent limbs of the nervous system and the
central regulating neurons in the brain stem. The
immunological compartment includes both infl-
ammatory cells and migratory cells involved in
regulation of immune responses. The basic as-
sumption is that all of these compartments have
an active interaction with each other, i.e. the
biological function of a cell in one compartment is
regulated by the functions of the cell populations

in the other compartments. In the steady state
these compartments establish a baseline trophic
interaction that is disrupted during acute injury
and repair and is reset by successive cycles of
injury, inflammation and repair characteristic of
chronic airway diseases.

Perturbation of one compartment creates an
imbalance in all compartments, or rather; a
metabolic response in one compartment will pro-
duce alterations in the other compartments
(Evans et al., 1999; Holgate, 2000). This paradigm
in chronic injury or inflammatory airway diseases
such as chronic bronchitis or asthma, indicates
that disease manifests itself as a complete alter-
ation of not only the cellular compartments di-
rectly involved in the interface with injurants or
allergens, but also in marked changes in the other
compartments (e.g. induction of myofibroblasts,
smooth muscle hypertrophy, interstitial fibrosis
and thickening of the basement membrane zone;
Paige and Plopper, 1999).

3. Modulating factors

Using the concept that the cellular population
which organizes a conducting airway as a biologi-
cal entity unique to a particular branch of the
airway tree emphasizes the number of factors by
which they differ in their pathobiological response
to toxic injury, including susceptibility to acute
injury, the pattern of repair and the development
of tolerance. Issues to be considered include: air-
way microenvironment, the status of differentia-
tion based on animal age, the history of previous
exposure to injurants and the impact of differ-
ences in species and strain.

3.1. Airway microenvironment

There are two aspects of microenvironment that
are critical when defining the pathobiology of the
response to injury. The first is that all the cellular
populations in the airway wall are vital for main-
taining differentiated function of the epithelium
(Van Winkle et al., 1996a). The three-dimensional
configuration of the airway, in other words an
intact tubular structure including all components
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Fig. 1. Diagrammatic representation of the epithelial -mesenchymal trophic unit and its relationship to the tracheobronchial airway
tree. The parts of the tracheobronchial airways include the bronchi, bronchioles and the acinus, the functional unit of the gas
exchange area. There is considerable variation in the organization of the transition zone between the conducting airways and the gas
exchange area. In many species, the transition is abrupt with terminal bronchioles opening directly into alveolar ducts, while in other
species the transition between terminal bronchioles and alveolar ducts is extensive with a number of generations of alveolarized
(respiratory) bronchioles intervening. The epithelial-mesenchymal trophic unit includes interactions between all compartments of
the airway wall, epithelium, fibroblasts, basement membrane zone, cells of the immune system, nerve fibers and neuroendocrine cells.



176 C.G. Plopper et al. / Toxicology 160 (2001) 173—180

of the wall, is necessary. The absence of an open
tubular structure due to collapse or rupture of
airway wall integrity results in a transformation
of the epithelial populations. In addition, the en-
tire repair process after acute injury, including
proliferation, migration to reestablish cell density
and differentiation of epithelial phenotypes, will
occur in vitro in intact airways under normal
growth conditions independent of the animal
(Van Winkle et al., 1996b).

The second feature is that the injury response
varies markedly by the position of the target cells
within the tracheobronchial airway tree (Mariassy
et al., 1992; Plopper and Hyde, 1992; Plopper,
1993; Pinkerton et al., 1997; Paige and Plopper,
1999). This is true for a wide variety of chemicals,
including oxidant gases (Hyde et al., 1992; Plop-
per et al., 1998; Paige and Plopper, 1999) and
bioactivated hydrocarbons (Plopper et al,
1992a,b; Paige et al., 1997). Regardless of the
chemical or the phenotype of the target cell popu-
lation, the sensitivity varies widely between proxi-
mal and distal airways. This is also true whether
the injury generates an inflammatory response or
not.

3.2. Airway microenvironment and metabolism

Once it is recognized that the injury response of
even contiguous epithelial populations in different
airway generations is different, an analysis of
potential mechanisms which modulate these dif-
fering patterns of susceptibility identifies a wide
variety of factors which play a role in modulating
these differences. Modulation of non-enzymatic
cofactors, such as glutathione, varies by the posi-
tion of the cells within the airway tree, including
steady state concentrations of intracellular glu-
tathione, response to depletion, and patterns of
reestablishment of the pool under stress condi-
tions (Duan et al., 1996; Plopper et al., 1998; West
et al., 2000). All of the enzymes recognized as
participating in pathways which detoxify, neutral-
ize, or conjugate reactive compounds within cells,
for instance, glutathione S-transferase, glu-
tathione peroxidase, superoxide dismutase and
catalase, all vary widely in their enzymatic activity
depending on position within the airway tree

(Duan et al., 1993; Buckpitt et al., 1995). For
bioactivated compounds, the metabolic potential
for target cells to activate these compounds to
reactive intermediates also varies widely depend-
ing on position within the airway tree (Buckpitt et
al., 1992; Franklin et al., 1993; Buckpitt et al.,
1995; Buckpitt and Cruikshank, 1997; Watt et al.,
1998).

3.3. Airway microenvironment and inflammation

An additional factor is that the inflammatory
response to acute epithelial injury also appears to
be unique to the cell populations residing in spe-
cific airway generations. Immune cell accumula-
tion within the lung occurs as the result of either
an acute injury or a chronic disease process. Dif-
ferential distribution of leukocytes, antigen pre-
senting cells, and inflammatory/immune
mediators throughout the lung should be expected
based on the distinct microenvironments pre-
sented by each airway generation. The unique
cellular and matrix constituents of each branch of
the airway tree present a complex recognition
pattern that can promote local recruitment or
expansion of highly specific leukocyte subpopula-
tions into these areas. Immune cells and their
associated mediators can be further compartmen-
talized within each airway generation by lumen,
epithelium, and interstitium; luminal accruement
of cells/mediators may also vary between different
lung lobes. Surprisingly, there has been little evi-
dence reported to support this notion. Site-specific
leukocyte trafficking is further complicated by
numerous forms of pulmonary injury and disease
that initiate the development of an inflammatory/
immune response. Hyde et al. (1992, 1999) have
shown that short-term acute ozone inhalation re-
sults in a time-dependent pattern of epithelial cell
injury, accompanied by granulocyte recruitment
that is distinct for both specific airway generations
and compartments (i.e. epithelium versus intersti-
tium). In another report, comparative analysis of
patients with severe asthma and cystic fibrosis has
indicated that the distribution of CD45 + cells
and eosinophils within mucosal and submucosal
compartments of large versus small airways is
variable in disease-specific manner (Haley et al.,
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1998). It is apparent from these studies that defin-
ition of compartments and airway generations for
immune cells can define a pathological process in
the lung. As such, precise localization of the mu-
cosal immune system throughout lung could have
important implications with respect to develop-
ment of appropriate immunomodulatory thera-
peutics that target specific pulmonary disease
states.

3.4. Age

The age of the animals at the time of exposure
to injurants plays a tremendous role in the pattern
of injury and repair (Fanucchi and Plopper,
1997). This is especially true for very young ani-
mals in the early postnatal period when the res-
piratory system is completing its growth and
maturation. Infants are much more susceptible to
injury by bioactivated lung toxicants than are
adults of the same species, even at doses below the
no-effect level for adults (Plopper et al., 1994;
Fanucchi et al.,, 1997a,b; Smiley-Jewell et al.,
2000). This appears to be closely tied to the
differentiation of target cell population and the
induction of relevant enzyme systems (Plopper et
al., 1993; Gebremichael et al., 1995; Ji et al., 1995;
Fanucchi and Plopper, 1997). A pattern of differ-
ential expression for detoxification systems also
shows a time-dependent pattern of expression
during postnatal lung development and could rep-
resent the pronounced mismatches between acti-
vation potential and detoxification potential
which could account for the elevated susceptibility
of infants (Fanucchi et al., 2000). There appear to
be critical time points during the period of post-
natal lung development in infants where this sus-
ceptibility is much higher than others (Plopper et
al., 1994; Fanucchi et al., 1997a; Smiley-Jewell et
al., 2000). Another impact of age, especially as it
is related to the postnatal lung development of
infants, is the failure of acute epithelial injury in
tracheobronchial airways to repair (Fanucchi et
al., 1997a; Smiley-Jewell et al., 1998, 2000). Injury
to young animals results in cessation of the cycle
of repair in the proliferative and squamation
phases, surviving cuboidal cells do not differenti-
ate and squamated survivors do not recover to a

cuboidal epithelial pattern. Also epithelial cell
density markedly reduced. This arrangement of
the airway epithelium persists for significant peri-
ods of time into adulthood.

3.5. Gender

The role which gender plays in modulating
pulmonary responses to toxicants is largely un-
known. Gender has been shown to be a factor in
human lung disease, particularly in lung cancer
(Baldini and Strauss, 1997) and in airway hyper-
responsiveness (Gold et al., 1994). In addition,
autoimmune diseases affect women disproportion-
ately (Jacobson et al., 1997, Whitacre et al., 1999).
Gender is related, in experimental animals, to
differences in various X-linked genes, hormone
regulated receptors and enzymes, metabolism and
detoxification of xenobiotics and susceptibility to
long-term lung remodeling such as lung fibrosis
and cancer. For instance, sensitivity to bleomycin
induced lung fibrosis varies not only by strain of
mouse but also substantially by gender with fe-
male C57BL/6]J mice being more resistant to
fibrosis than males of the same strain (Haston et
al., 1996). The metabolic mechanisms that under-
lie differential susceptibility by gender may be due
to differences in activity or abundance of various
cytochrome P450 isozymes (Guo et al., 1993; El-
farra et al., 1998), inducibility of P450 isozymes
(Paolini et al., 1995), levels of GST isoenzymes
(Mitchell et al., 1997; Singh et al., 1998), GSH
levels (Flagg et al., 1993), or still undefined differ-
ences between male and female metabolism with
the lung itself as well as in other tissues. The basis
for differences in long-term cellular repair re-
sponses remains unknown. However, various X-
linked genes, hormone-regulated receptors and
enzymes are likely to play a role. Unfortunately,
there have been few animal models that examine
the effect of gender on lung injury and even fewer
that evaluate long-term repair responses. Many
basic issues remain unanswered including the pat-
tern and degree of acute lung injury, the duration
and completeness of repair, the impact of re-
peated exposures, the regulatory elements in-
volved in repair and the role of various cell types.
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3.6. History of exposure

Exposure to the same injurant on a repeated
basis alters the acute injury response, the pattern
of inflammation and the end result of repair
(Plopper, 1993; Lakritz et al., 1996; Paige and
Plopper, 1999). Repeated exposure that occurs
while the process of repair from initial acute
injury is ongoing reduces the level of susceptibility
of target cell populations to further injury. Ex-
tending the interexposure period past the time
frame necessary to completely repair acute injury
has the opposite effect. The continual cycles of
injury and repair result in larger, more pro-
nounced alterations in both matrix and epithelial
populations. This is true both for exposure to
oxidant gases and bioactivated hydrocarbons.
Each population residing in different generations
of tracheobronchial airways respond to repeated
exposure injury and repair cycles by different
patterns.

3.7. Species and strain

Comparison of acute injury responses and sub-
sequent repair in different species has established
that the patterns are unique for the species under
consideration and that even cells occupying iden-
tical airway positions in different species respond
differently (Plopper, 1993; Hahn, 1997; Kodavanti
and Costa, 1999; Paige and Plopper, 1999). For a
wide range of bioactivated compounds and some
oxidant gases, different species have different dose
responses to exposure and this varies by position
within the airway tree (Plopper, 1993; Paige and
Plopper, 1999). The relative differences in suscep-
tibility between species for a particular chemical
will not necessarily apply to additional chemicals,
even of the same class. While it appears that
injured epithelial cells in different species follow
the same general pattern of repair, the timing and
extent of each phase also appears to be species
specific. The complexity of differences between
species in injury and repair is also found in differ-
ent strains of mice (Warheit, 1989; Henry et al.,
1993; Kleeberger, 1995; Slade et al., 1997, Wes-
selkamper et al., 2000); whether this includes the
relative susceptibility to injury by populations in

different portions of the airway tree and in the
rates and extent of the different phases of repair is
not clear.
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